The intergenic region between the hemoglobin (hb) and nucleosome assembly protein-1 (nap-1) genes in the Paramecium caudatum macronuclear genome was previously found to be heterogeneously composed. Cloning of this intergenic region from the macronuclear genomic DNA identified four unique DNA fragments of different sizes. Sequencing of the cloned fragments revealed extreme heterogeneity and characteristics of both internal eliminated sequence (IES) and imprecise internal deletion sequences (IIDSs) in the intergenic region. Missing sequences were an AT-rich and direct repeats existed in their boundaries. Southern blotting of the total genomic DNA and polymerase chain reaction (PCR) of the total genomic DNAs indicated that there exist a dozen DNA fragments of different sizes in this intergenic region. It is likely that the heterogeneity found in the P. caudatum macronuclear genome results from the variable removal of an intergenic region.
INTRODUCTION
Ciliated protists have a characteristic nuclear dimorphism. Each vegetative cell contains two types of nuclei: the micronuclei and the macronuclei. The micronuclei are small diploid nuclei that are almost inactive transcriptionally, whereas the macronuclei are large polygenomic nuclei that are vegetative and transcriptionally active (Prescott, 1994) . The micronuclei and macronuclei are, therefore, thought to correspond to the germline and somatic nuclei of multicellular eukaryotes, respectively. Macronuclei divide amitotically, are responsible for vegetative proliferation, and are destined to be destroyed during the subsequent sexual processes: conjugation and autogamy. After fertilization, the mitotic products of the diploid zygotic nucleus differentiate into new macronuclei and micronuclei, depending on their position in the cell (Mikami, 1980; Grandchamp and Beisson, 1981) .
During the sexual processes, new macronuclear chromosomes are processed by extensive programmed rearrangements of DNA. These include chromosome fragmentation and precise deletion of germline-specific elements known as internal eliminated sequences (IESs), and then amplification of the fragmented chromosomes (Prescott, 1994) . Fragmentation occurs at a few hundreds of breakage sites and gives rise to macronuclear chromosomes in Paramecium. The de novo addition of telomeric repeats usually does not occur at a precise nucleotide position (Le Mouël et al., 2003) . In some cases, developmentally regulated chromosome fragmentation linked to imprecise elimination in macronuclear genome (Caron, 1992; Klobutcher and Herrick, 1997; Forney, 1997) , thus generating microheterogeneity among the multiple copies of the genome present in each developing macronucleus. We named this type of the deleted sequences here imprecise internal deletion sequences (IIDSs). In Paramecium, characteristics of IIDSs remain largely unknown, but recently, some of them were uncovered; short TAcontaining direct repeats in their boundaries (2-6 bp), colocalization of telomere addition regions and imprecise internal deletion boundaries, clustering of their heterogeneous boundaries in TA-rich hot spots located outside the deleted sequences, deletion sequences containing an ATrich minisatellite and truncated transposase gene (Le Mouël et al., 2003) . In Tetrahymena and Euplotes, chromosome breakage also requires cis-acting sequence as chromosome breakage sequence (Cbs). Cbs has been identified so far in the vicinity of chromosome fragmentation sites. Classic Cbs have the sequence TAAACCAAC-CTCTTT in Tetrahymena (Yao et al., 1987) , and a 10 bp conserved sequence element (5'-HATTGAAaHH-3', H = A, C or T) in Euplotes near chromosome fragmentation sites (Klobutcher et al., 1998) . These cis-acting sequences are necessary and sufficient for site-specific chromosome fragmentation. But no conserved sequence has been identified so far in vicinity of Paramecium chromosome fragmentation sites (Le Mouël et al., 2003) .
In contrast, characteristics of IES excision has been well investigated. In Tetrahymena, IESs are precisely excised, by a RNA interference (RNAi) like mechanism (Mochizuki and Gorovsky, 2004; Kowalczyk et al., 2006) , from the mitotic copies of the diploid zygotic nucleus. Direct repeats of 4-8 bp, which do not inevitably contain the 5'-TA-3'sequence, are present at the boundaries of the IESs (Prescott, 1994; Klobutcher and Herrick, 1997) . IESs in the Paramecium aurelia complex genome are short sequences (28-882 bp) located between 5'-TA-3' direct repeats, which were called TA-IESs. Upon excision of the TA-IESs, one of the 5'-TA-3' direct repeats remains in the macronucleus-destined sequences (Steele et al., 1994) . Sequencing of many IESs also revealed that the inverted repeat (IR) consensus sequences from Euplotes crassus (5'-TATAGAGG-3', Jaraczewski and Jahn, 1993) and P. aurelia complex (5'-TAYAGYNR-3', Klobutcher and Herrick, 1995) were similar to those of the metazoan Tc1/mariner transposons (Klobutcher and Herrick, 1995) . This suggested that the origin of ciliate IESs might have been some type of transposons (Klobutcher and Jahn, 1991; Doak et al., 1994) .
Southern blotting of the P. caudatum hemoglobin gene (hb) revealed at least three major different sized fragments in the macronuclear genome (Yamauchi et al., 1992b) . This result raised several possibilities: (1) a hb gene family exists whose members are structurally and functionally related (Usuki et al., 1989) , and are distributed on distinct chromosomes, like the mammalian α and β hb genes (Hardison, 1998) ; (2) several copies of the same or highly related hb gene, produced recently by gene duplication generating a tandem repeated gene cluster similar to mammalian and invertebrate hb gene clusters (Efstratiadis et al., 1980; Antoine and Niessing, 1984) , exist; (3) IESs at the hb gene or its flanking regions are excised alternatively or differentially to generate heterogeneity during macronuclear development (Austerberry et al., 1984; Herrick et al., 1987) ; (4) IIDSs are imprecisely excised, leading either to chromosome fragmentation followed by the addition of new telomeres or to the rejoining of flanking sequences (Caron, 1992; Le Mouël et al., 2003) ; (5) homologous or non-homologous recombinations occur among the hundreds of copies of macronuclear DNA during or after macronuclear development (Deak and Doerder, 1998) .
To understand why several DNA fragments containing the hb gene are generated in the P. caudatum macronuclear genomic DNA, four DNA fragments were cloned and sequenced. Their organization in the macronuclear genome was analyzed by Southern blotting and polymerase chain reaction (PCR). The hb genes in the DNA fragments different in size had the same sequence. A variety of missing sequences were found in the intergenic region between the hb and nucleosome assembly protein-1 (nap-1) genes. These missing sequences and their boundaries showed some features characteristic of IESs and IIDSs. It is likely that some segments of the intergenic region may be imprecisely deleted, during macronuclear development, producing at least three major and several minor closely related macronuclear DNA fragments.
MATERIALS AND METHODS
Cell lines and cultivation The P. caudatum stock (syngen 3, stock YC) previously analyzed (Yamauchi et al., 1992b ) was used here. P. caudatum cells were cultured at 20-25°C in fresh lettuce juice diluted with Dryl's physiological salt solution (Dryl, 1959) , which was modified by the substitution of KH 2 PO 4 for NaH 2 PO 4 , pH 7.0, and inoculated with Klebsiella pneumoniae the day before use (Mikami, 1987) . To produce offspring, cells from stock YC were crossed with those from stock 27aG3. Under starvation conditions, sexually matured cells of complementary mating types were mixed together, forming tight conjugation pairs. After conjugation, the single cell that was separated was transferred into fresh culture medium. Three exconjugant F1 clones, G3YC-1, G3YC-2 and G3YC-4, that have the same zygotic genome but differ in maternal inheritance, were isolated from each conjugant pair (Mikami and Hiwatashi, 1975) . Karyonide clones that received an independently differentiated new macronucleus and a mitotic copy of the functional micronucleus, were isolated from an exconjugant clone.
Isolation and characterization of genomic clones
Total genomic DNA was extracted as described previously (Yamauchi et al., 1992b) . Partial genomic libraries of P. caudatum total genomic DNA were constructed using λEMBL3 and λgt11. These libraries were screened by plaque hybridization (Sambrook et al., 1989 ) using 32 Plabeled P. caudatum hb cDNA (Yamauchi et al., 1992a) under highly stringent conditions. The insert DNA of the longest clone from λEMBL3 library was digested with EcoRI or BamHI. The fragment containing the hb gene was identified by Southern blot hybridization as described below. Genomic DNA fragments identified by plaque hybridization or PCR amplification were recloned into either pUC19 or pBluescript II SK(-). DNA sequences were determined for both strands by the method of Sanger et al. (1982) with a BcaBEST dideoxy sequencing kit (Takara, Kyoto, Japan).
Southern blotting DNA was fractionated by electrophoresis on 1% agarose gels. The separated DNA was transferred to nylon membranes after treatment with 50 mM HCl for 15 min, 0.5 N NaOH and 1.5 M NaCl for 15 min and then 30 min, and 0.5 M Tris, pH 7.5, and 3.0 M NaCl for 15 min and then 30 min. The nylon membranes were then hybridized with the hb cDNA or genomic DNA corresponding to the hb and nap-1 intergenic region in 50% formamide, 10 × Denhardt's solution, 4 × SSC (1 × SSC: 150 mM NaCl, 15 mM sodium citrate, pH 7.0), 100 μg/ml salmon sperm DNA, and 50 mM Hepes, Table 1 . Oligonucleotides for PCR primers Name Oligonucleotide pH 7.0 at 42°C (Sambrook et al., 1989) . The membranes were washed three times with 0.1% SDS and 2 × SSC for 5 min, and then once with 0.1% SDS and 0.1 × SSC for 5 min. The membranes were air-dried and exposed to XAR5 film (Kodak, Rochester, N.Y., USA) at -85°C with Dupont Cronex Lighting-Plus intensifying screens for 1 to 7 days.
PCR amplification PCR reactions (20-50 μl) contained 100-200 ng of total genomic DNA, 0.4-2.0 μM of each primer, 0.2 mM dNTPs, 1.5 mM MgCl 2 , 10 mM Tris, pH 8.2, 50 mM KCl, 0.001% gelatin, and 1-2 U Ampli Taq Gold DNA polymerase (Perkin-Elmer Applied Biosystems, Foster, CA, USA). Amplification was for 35-55 cycles: denaturation at 95°C for 30 s, annealing at 52°C for 1 min, and extension at 72°C for 1 min, followed by a final extension at 72°C for 12 min. PCR amplification was performed in thermocyclers (GeneAmp PCR System 2400 and 9700, Perkin-Elmer Applied Biosystems). The primers used are shown in Table 1 . Their positions within the P. caudatum macronuclear DNA are shown in Figs. 1, 4B and 5B. Single cells, from which DNA was extracted for PCR, were isolated from stock G3YC-4 in logarithmic phase of vegetative growth and were washed three times with distilled water. A single cell was mixed with 5 μl of buffer containing 20 mM DTT, 1.75 μM SDS, 0.05 mg/ml proteinase K, 1.5 mM MgCl 2 , 10 mM Tris-HCl, pH 8.2, 50 mM KCl, and 0.001% gelatin at 37°C for 1 hr. To inactivate proteinase K, the mixture was boiled for 5 min and then chilled on ice for 5 min. This mixture was used immediately in PCR (Li et al., 1988) . 
RESULTS
Sequence analysis of the heterogeneous macronuclear DNA fragments of the intergenic region between the hb and nap-1 genes The hb gene is located in a 15 kbp BamHI fragment or 3-5 kbp EcoRI fragments obtained from stock YC genomic DNA (Yamauchi et al., 1992b) . Partial genomic libraries in λEMBL3 and λgt11 were prepared and screened with a 0.4 kbp cDNA encoding the major hb gene (Yamauchi et al., 1992a) . The longest 15 kbp fragment was obtained from the λEMBL3 library. EcoRI sub-fragments of this DNA fragment were recloned into pUC19. A 3.2 kbp EcoRI fragment containing the hb gene was selected by Southern blotting (Yamauchi et al., 1992b) . The hb cDNA did not hybridize to the other EcoRI sub-fragments. This positive 3.2 kbp sub-fragment was named Ma-(0). Clones Ma-(0.16) and Ma-(0.62), 3.4 kbp and 3.8 kbp EcoRI fragments, respectively, were isolated from the λgt11 library. An additional clone, Ma-(0.03) was isolated by PCR amplification using the primer set L3/R3. Differences in the restriction maps among these clones exist in the intergenic region only (Fig. 1) .
Nucleotide sequencing found no difference in the hb gene, which included one short intron, of the three clones, Ma-(0), Ma-(0.16), and Ma-(0.62). The terminus of the three genomic clones that encodes the C-terminal region of Nap-1 (Nishiyama et al., 2001 ) also had the same sequence (Fig. 1) . Differences in the nucleotide sequences among the four cloned fragments were found in the intergenic region between the hb and nap-1 genes. Ma-(0.03), Ma-(0.16), and Ma-(0.62) contained 0.03 kbp, 0.16 kbp, and 0.62 kbp of additional sequence, respectively, in this region; however, Ma-(0) did not. In the nucleotide sequences, there was only a 32 bp difference in size between Ma-(0) and Ma-(0.03).
When compared with the Ma-(0.62) sequence, the sequence segments missing in Ma-(0), Ma-(0.03) and Ma-(0.16) had high A + T content (73.9-75.1% vs. 52% in the hb coding region and vs. 69% in the nap-1 coding region) and direct 2-6 bp repeats at their boundaries with only one copy of these repeats preserved in the shorter clones ( Fig. 2A, in boxed bold letters) . The sequence completely conserved in these direct repeats was 5'-TA-3' alone. These features were discovered on both IIDSs and IESs (Prescott, 1994; Le Mouël et al., 2003) . The sizes of the missing sequences, estimated from the isolated clones, ranged from 32 bp to 616 bp.
A plot of the local density of TA dinucleotides, computed in a 30-bp window sliding along the sequence, of Ma-(0.62) demonstrated that the boundaries of the sequences missing in the shorter clones coincided with peaks in TA density (Fig. 2B) . The right boundaries (J 1R to J 3R ) were clustered within a 10-bp region with the highest TA density (~30%), whereas the left boundaries were (J 1L to J 3L ) interspersed in the intergenic region of 158 bp with secondary higher TA density (17.8-22.3%). Coincidence of missing segment boundaries and peaks of local TA density was one of the hallmarks of IIDSs (Le Mouël et al., 2003) .
As the other hallmark of IIDSs, Cbs existed in the vicinity of the missing sequence (Prescott, 1994) . To ascertain the existence of Cbs, we surveyed whole sequence of Ma-(0.62). Any consensus Cbs, which was identified in Euplotes and Tetrahymena (Yao et al., 1987; Klobutcher et al., 1998) , was not detected as well as previous studies in Paramecium (Baroin et al., 1987; Coyne et al., 1996; Le Mouël et al., 2003) .
Heterogeneous composition of the intergenic region between the hb and nap-1 genes in macronuclear genomic DNA Southern blotting of total genomic DNA obtained from stock YC with the 0.4 kbp hb cDNA (probe A, Fig. 1 ) revealed three strong positive bands of 3.2 kbp, 3.7 kbp and 4.8 kbp (lane 1, Fig. 3 ), as previously shown (Yamauchi et al., 1992b) . The 3.2 kbp band corresponded to Ma-(0)/Ma-(0.03); however, the 3.7 kbp band did not correspond to Ma-(0.62). The fact that the 3.2 kbp band is a major fragment in the heterogenous hb macronuclear genomic DNA was confirmed by PCR using the primer set L3/R3. The size of the most intense band was estimated to be 0.4-0.6 kbp (indicated by an open dot, lane 1, Fig. 4A ). This agreed with the distance between Fig. 3 . Southern blotting of the P. caudatum genomic DNA. Genomic DNA was extracted from stocks YC (lanes 1 and 6) and 27aG3 (lanes 5 and 10), and their offspring, G3YC-1 (lanes 2 and 7), G3YC-2 (lanes 3 and 8) and G3YC-4 (lanes 4 and 9), each of which is an exconjugant clone. Each sample (6.7 μg/lane) was digested with EcoRI, and was electrophoresed on a 1% agarose gel. DNA, immobilized on a nylon membrane, was hybridized with the hb cDNA (probe A in Fig. 1; lanes 1-5) , and with both flanking regions of the missing sequence segments in the macronuclear genome (probe B in Fig. 1; lanes 6-10) . the primer sites L3 and R3 calculated for Ma-(0)/Ma-(0.03), 420/452 bp and for Ma-(0.16), 581 bp (indicated by open dot, Fig. 4B ). Using the L3 and R3 primers, band corresponding to Ma-(0.62) should be 1036 bp. This band was visible and clearly distinct yet (indicated by a closed dots, in lane 1, Fig. 4A ), but it was not as intense as the 0.4-0.6 kbp band.
When a probe specific for the intergenic regions (probe B, Fig. 1 ) was used in Southern blotting, a result similar to that of the hb cDNA (lane 6, Fig. 3) , except for additional weak bands of approximately 1.7 kbp, 2.2 kbp and 5.2 kbp, was obtained. PCR amplifications using the primer sets L3/R1, L2/R1, and L1/R1 revealed several minor genomic fragments longer than the 740 bp, 524 bp, and 378 bp bands (indicated by a closed dot, lanes 4, 7, and 10, respectively, in Fig. 4A ), expected for Ma-(0.62). Using the primer set L1/R2, bands ranging 1-2 kbp were found in addition to the 0.6 kbp band expected for Ma-(0.62) (indicated by a closed dot, lane 13 in Fig. 4A ). These results, when combined with the sequencing data, indicated that the intergenic region between the hb and nap-1 genes in the macronuclear genome of P. caudatum (stock YC) is heterogeneously composed of three major frequently occurring segments and several minor segments.
Comparison of the hb and nap-1 intergenic region between stocks, clones, and cells in the same clone To determine if this heterogeneity in the macronuclear genome was specific to the P. caudatum stock YC Fig. 4 . Heterogeneity in the P. caudatum macronuclear genomic DNA. (A) PCR amplification of total genomic DNA. Genomic DNA from stock YC (lanes 1, 4, 7, 10 and 13), G3YC-4 (lanes 2, 5, 8, 11 and 14) and 27aG3 (lanes 3, 6, 9, 12 and 15) were used as templates for PCR amplification using the specific primer sets, L3/R3 (lanes 1-3) , L3/R1 (lanes 4-6), L2/R1 (lanes 7-9), L1/ R1 (lanes 10-12) and L1/R2 (lanes 13-15) . or a universal feature of most P. caudatum stocks, the composition of the hb and nap-1 intergenic region in offspring obtained from the conjugation of stock YC with stock 27aG3 was determined. Southern blot (Fig. 3) and PCR analyses (Fig. 4 ) revealed few differences in the composition of the intergenic regions of stock YC and stock 27aG3, except for the bands of 4.8 kbp and 5.2 kbp on Southern blot (lanes 6 and 10, Fig. 3) . Furthermore, there was no significant difference in the heterogeneity of the intergenic region in three offspring exconjugant clones (lanes 2-4 and lanes 7-9, Fig. 3 ). Southern blot analysis revealed significant differences in 1.7 kbp, 4.8 kbp and 5.2 kbp bands between the offspring and their parents when probe B was used (lanes 6-10, Fig. 3 ), however PCR analysis indicated few differences between them (Fig. 4A) .
To determine if each cell derived from an exconjugant clone had the same or an individually distinct heterogeneous composition in their macronuclear DNA, single cell PCR using the primer set L3/R2 (Fig. 5B ) was performed. At least five bands were detected (Fig. 5A) . The size and proportion of these bands when compared among the four different cells were almost identical. The second longest band (a closed dot in Fig. 5A ) corresponded to the Ma-(0.62) PCR product, 969 bp in length (Fig. 5B) . The fourth longest and prominently amplified band (an open dot in Fig. 5A ) spanning from 0.35 kbp to 0.5 kbp corresponded to the Ma-(0), Ma-(0.03) and Ma-(0.16) PCR products, 353-514 bp in length (Fig. 5B) . Therefore, the heterogeneous composition of the P. caudatum macronuclear DNA is retained within a cell by a strictly controlled mechanism accomplishing a constant composition and proportion.
DISCUSSION
Characteristics of P. caudatum eliminated sequences Partially overlapping and at least three different sequence segments in size were missing in the intergenic region between the hb and nap-1 genes in the P. caudatum macronucleus. The missing sequences had characteristics common to both TA-IESs (Steele et al., 1994) and IIDSs: direct repeats at the boundaries and high A + T content. We did not detect any microsatellites and coding regions for transposase which are found in IIDSs, in our missing sequences segments. However, the missing sequences had a characteristic unique to IIDSs that are imprecisely deleted at their boundaries with high TA density. It is highly likely that extreme frequently heterogeneous composition of the P. caudatum macronuclear genomic DNA between the hb and nap-1 genes is generated by eliminating intergenic regions of various sizes, by a mechanism that is similar but somewhat differs from those for the elimination of TA-IESs and IIDSs.
Southern blot and PCR analyses revealed that Ma-(0.62) was not a clone corresponding to micronuclear genomic DNA: the intergenic region of the macronuclear DNAs included eliminated sequences which were longer than the eliminated 0.62 kbp sequence of Ma-(0.62) (Fig.  4A ). There could be a dozen eliminated sequences of various sizes in this region of the macronuclear genome. A 32 bp difference in size between Ma-(0) and Ma-(0.03) was found. This micro-heterogeneity might be the result of a variable and reciprocal recombination process after a staggered cut of the eliminated sequence (Saveliev and Cox, 1994; Yao and Yao, 1994) , an alternative excision of the eliminated sequence (Dubrana et al., 1997) or an imprecise excision of the eliminated sequence, which might occur upon random recognition of the terminal repeats 5'-TA-3'. Another possibility includes generation of Ma-(0) from Ma-(0.03), by removal of a short eliminated sequence, like the 9 bp IES in O. nova (Dubois and Prescott, 1997) . The presence of short IESs within a longer IES might be explained by reiterative integration of IES elements (Mayer et al., 1998) .
Single cell PCR demonstrated that each cell within the same clone had the same heterogeneity in the intergenic region during vegetative growth (Fig. 5A) . Three exconjugants of the offspring from stock YC had almost the same patterns in Southern blot and PCR analysis (Figs.  3 and 4) . Southern blotting of total genomic DNAs isolated from several pairs of karyonidal clones was performed. Their Southern blotting patterns were identical (data not shown). These results imply that at least three major fragments containing the hb gene are reproducibly generated independent of cytoplasmic factors. These karyonide clones were immature (within 50 fissions after the latest conjugation); therefore, this heterogeneity might not result from heterogeneous senescent populations. In some instances, IES excision from the P. tetraurelia genome is controlled by the old macronucleus during new macronuclear development (Forney, 1997) . Our data suggest that the heterogeneous composition of the macronuclear DNA is strictly controlled and is constant during vegetative growth and among exconjugant and karyonidal clones. The heterogeneity found in P. caudatum is different from that reported in P. tetraurelia. The heterogeneity found in the excision patterns of P. tetraurelia IESs is generated by the point mutations in the flanking 5'-TA-3' dinucleotide: one mutation prevents excision of an IES (Mayer and Forney, 1999) , and another mutation prevents normal recognition of 5'-TA-3' dinucleotide by the splicing machinery, generating a few variation of elimination patterns (Dubrana et al., 1997) . However, the extreme and reproducible heterogeneity found in the intergenic region of the P. caudatum macronuclear genomic DNA might be generated by a mechanism distinct from the point mutations found in P. tetraurelia IESs.
